Introduction
Electrostatic precipitators (ESPs) find widespread use as effective air pollution control devices in many industries (Reynolds et al., 1975) . Although they often demand higher capital investment in comparison with other gas cleaning methods, the low operating and maintenance costs, the high collection efficiency and the ability to face severe operating conditions make ESPs suitable in pollution problems characterizing many process installations such as coal-burning power stations, cement plants, iron industries and glass manufacture (Hall, 1987; White, 1963) .
For large gas flows the conventional ESP configuration consists of ducts made of vertical steel plates, which are grounded. In the centre of each flow lane, several long corona wires are supported by a rigid frame. The high negative voltage applied to the corona wires causes a strong electrical field producing a corona current discharge. Particulates entrained in the gas streams assume an electrical charge and migrate towards the collecting plates. As the particles pass each successive wire, they are driven closer and closer to the collecting walls. The particles are eventually collected when they approach close enough to the walls, where the turbulence in the gas drops to low levels.
The overall performance of an ESP is mainly affected by dust particle properties, especially size and resistivity (Tachibana and Matsumoto, 1990) . High resistivity may generate the back corona phenomenon, introducing positive ions into the gas space where they reduce the particles' charge. Back corona prevails when the dust resistivity is above 10 11 ohm cm, considerably reducing the collection ability of the ESP (Hall, 1987; Tachibana and Matsumoto, 1990; White, 1963) . As a consequence, one of the major concerns in ESP design is the variation in the plate area needed to maintain the same efficiency with different dust resistivities.
For instance, when the resistivity varies from 10 8 to 10 14 ohm cm, the increase in precipitator size to maintain a given collection efficiency can be more than 4:1 (Darby, 1984) . The effect on capital costs is of a similar order. High dust resistivity occurs most frequently in certain fly ash exhaust gas and dry process cement applications (Hall, 1987) , but above all in iron-ore sintering plants (Tachibana and Matsumoto, 1990) . To prevent or suppress the back corona effect, several actions such as correction of operating gas temperature, gas conditioning and energization control may be taken (Tachibana and Matsumoto, 1990) . However, the pulse charging of ESP seems to be the most promising solution to overcome the back corona phenomenon.
Pulsed or intermittent energization is a modification of conventional power supply whereby short high voltage pulses are superimposed repetitively on a DC base voltage. In this way significant improvements of the particle charging, and as a consequence of the migration velocity, may be obtained with respect to the conventional energization thanks to increased field strength and better current distribution (EPRI, 1986; Milde, 1982) . Besides lower specific collection area (SCA), a reduction of power consumption results as well. On the other hand the cost of a pulse energization system typically is about four times that of a conventional one for supplying the same precipitator collecting area (Lausen, 1990) .
Considering the high ESP economic impact and the current need for upgrading operating ESPs to meet new emission standards, the aim of the study is the economical comparison of conventional and pulsed ESPs on the basis of a parametric analysis concerning factors such as dust loading, dust resistivity and granulometry, collection efficiency, flowrate and temperature of the polluted streams. In order to define significant ranges for such factors, four main application areas have been considered, covering more than 80 per cent of existing installations, namely electric power generation, cement manufacturing, iron and steel production, glass industry. In the paper, after a characterization of the gas streams requiring dedusting process, the sizing of both conventional and pulse energized plate-wire ESP has been performed. The design of conventional ESP has been carried out according to a simplified approach that allows for a fairly precise estimation of the required collecting (Pelagagge et al., 1996) . The sizing of the corresponding pulsed system has been instead performed by estimating the efficiency enhancement factor (H) characterizing pulsed energization operation (Hall, 1990) . The H factor is usually defined as the ratio between pulsed and conventional effective migration velocity; therefore it directly represents the ratio of conventional to pulsed precipitator plate area. This factor has been evaluated resorting to a global correlation which links H value to ESP operating parameters (efficiency, dust load and resistivity, plate area, etc.). Such a correlation has been derived from the analysis of available literature experimental data.
The economic analysis has been carried out taking into account both capital and annual cost factors. A mapping of the industrial areas and operating conditions in which the adoption of pulsed energization is economically convenient has been finally defined.
Industrial application areas
Four main application areas have been chosen for the study, representing a good portion of actual installations. As the aim of the study is the economical comparison of conventional and pulsed ESPs, they offer, furthermore, a wide variability range of operating parameters.
Electric power generation
After combustion in the boiler, gas always asks for dedusting. Pulverized coal burning power stations represent the single most important application of electrostatic precipitators. Precipitability of fly ash depends primarily on the resistivity related to sulphur and alkali metals content in coal. Variations in properties of the burned fuel give rise to dust resistivity typically in the range 10 8 up to 10 14 ohm cm. Higher resistivity appears in low sulphur coal-fired boilers. The ESP operating temperature on a boiler plant also assumes great importance by influencing the surface condition of particles and therefore contributing to determine dust resistivity. Often the resistivity peaks in the usual range of gas temperature at the air heater outlet.
Cement manufacturing
The various types of cement manufacturing processes can be classified as dry, wet or semiwet. The major environmental difficulty experienced by cement companies is the handling of the waste kiln dust which forms in the processing. This is particularly true for plants employing wet processes. The dust particles are usually less than 10µm diameter.
Many are less than 4µm. The typical size varies with the source of raw materials and particularly with the crushing and grinding methods. Also in this case dust resistivity shows large variability. High values may be observed both in dry processes and in wet or semi-wet ones. Gas temperature strongly affects ESP performance. For semi-wet processes the resistivity at a temperature of about 100°C is less than 10 10 ohm cm, at a temperature of about 150°C this increases to more than 10 12 ohm cm.
Iron and steel production
The iron and steel industry is very complex and usually vertically integrated. The major stages of the processing are mining, iron-ore concentration, blast furnace treatment, steel production. Especially the production of ironore sinter material for blast furnace feeding causes severe environmental problems arising from extremely high dust resistivity (10 11 -10 13 ohm cm). In iron-ore sintering plants the dedusting process involves many gas streams characterized by high flowrate and dust loading, and also by temperature ranges corresponding to resistivity peaks (Pelagagge et al., 1996) .
Glass industry
Glass manufacturing requires the following main phases: preparation of raw material, melting in furnace, forming and finishing. The most serious environmental problems are related to emissions of particulates in the form of dust. The melting furnace contributes over 99 per cent of total pollution from a glass plant. Particulates result from volatilization of materials in the melt that combine with gases and form condensates. The particulates generated within the furnace are a major problem due to their size, which usually ranges from 1 to 30µm depending on the type of glass. In general, the greater the production rate, the higher the temperature required and hence the greater the fuel consumption and dust load. Dust resistivity may vary between 10 6 and 10 13 ohm cm.
For the industrial application areas considered, the average variability ranges of operating parameters are shown in Table I .
ESP design and cost evaluation
Design of conventional ESP has been carried out using a computer model (Pelagagge et al., 1996) mainly based on Turner's hypotheses (Turner et al., 1988) . Back corona effect has been considered by reducing up to a factor 0.6 the average electric field available for particle charging and migration. Rapping re-entrainment of collected particulate and gas flow sneakage phenomena have been also taken into account.
As far as the design of pulsed ESP is concerned, a general and reliable approach has not yet been completely developed owing to complexities in electric behaviour occurring during pulse energization. In order to have a preliminary criterion for pulsed ESP sizing, a global correlation between operating parameters of existing ESPs and the corresponding observed enhancement factors (H) has been outlined based on artificial intelligence techniques. The correlation has been set resorting to available literature data. Generally speaking, H values may range between 1.1 and 2 when dust resistivity rises from 10 11 to 10 13 ohm cm.
The cost evaluation has been obviously established in terms of capital and operating factors. As a differential cost analysis is sufficient for comparison purposes, only the cost factors which differ between the conventional and pulsed arrangement have been considered. The ESP base cost ($) depending on the collecting surface (S) has been evaluated by Turner et al. (1988) : C = 5170.51 S 0.6276 for S<4600 m 2 C = 812. 47 S 0.8431 for S>4600 m 2
The pulsed ESP surface is obviously H times lower than the conventional one. Pulsed power supply cost may be, instead, significantly greater than conventional power supply cost: C sc = 0.12 C for conventional ESP C sp = 0.45 C for pulsed ESP Other costs (i.e. auxiliaries, installation, indirect) are assumed as: C a = 1.53 C Annual operating costs ($/year) may be expressed as:
where f u is the coefficient of utilization, C e the cost of electricity, and P the specific corona power: P c = 12 W/m 2 for conventional ESP P p = 4 W/m 2 for pulsed ESP Discounted total plant cost (Ct) may be finally obtained at a specified interest rate (0.1) and economic life (ten years).
Economical comparison
The economical comparison has been carried out for each industrial application area, assuming flowrate range and mean mass diameter values of Table I , low (95 per cent), high (99 per cent), and very high (99.9 per cent) values for collection efficiency (η), dust resistivity (ρ) corresponding to no back corona (10 9 ohm cm), incipient back corona (3 . 10 11 ohm cm), and severe back corona (maximum values of Table I ). In all the examined scenarios the differential cost (C tc -C tp ) has been adopted as confrontation point, representing the cost saving (CS) of pulsed ESP over conventional ESP. Design of both conventional and pulsed ESP has been preliminarily performed. As a result, Table II summarizes the ranges of specific collection area -SCA (s/m) -for each application sector. Low values correspond to minimum ρ and η, high values to maximum ρ and η.
Higher SCAs characterize the glass industry scenario owing to fine particles and resistivity, resulting in migration velocities of about 0.5-1.5 cm/s (Turner et al., 1988) .
However, the efficiencies assumed for comparison purposes are not so frequent in this application. It should be noted that because of the actual dust loading, considerably lower efficiencies are usually suitable. In any case, pulsed energization allows for significant SCA reduction under severe back corona conditions.
From an economical viewpoint the cost saving of pulsed over conventional ESP is shown in Figure 1 . For each industrial area, increasing CS values are favoured by greater flowrate, resistivity and efficiency, as shown. Very interesting CS are displayed in the cement and glass industries also for plants which require dedusting of low gas flowrate. In power generation too, significant CS may be obtained especially when fairly large gas flowrates are involved.
However, in these scenarios the actual cost saving is case dependent because it is strictly affected by the back corona phenomenon.
Only when high resistivity particles have to be collected (i.e. low sulphur and alkali fly ash) may the economical convenience of pulsed energization be assessed. In iron-ore sintering plants, instead, exhaust gas streams always contain high resistivity particles allowing for greatest CS values as shown in Figure 1 . Finally, although modest total cost increments of pulsed over conventional ESP (CS<0) have been noticed for low resistivity, it may be pointed out that relevant operating cost reductions are nevertheless obtained. As an example, Figure 2 presents the operating cost saving (OCS) for the considered industrial scenarios, assuming dust resistivity at 
Conclusions
A parametric investigation on economical convenience of pulsed over conventional ESP has been performed for some representative industrial application areas. Cost savings associated with pulsed energization may be undoubtedly significant when gas flowrate, resistivity and collection efficiency all increase. The economic advantage in power generation, cement manufacturing and the glass industry, is mainly affected by dust resistivity. In iron-ore sintering plants and low sulphur coal-fired boilers, relevant cost savings have been assessed by taking into account the constant extremely high resistivity. However, it can be generally stated that when the back corona is firmly established the pulsed ESP is always convenient, thanks to the reductions in the required collecting area and power consumption fully offsetting the increased costs of power supply. On the contrary, for low resistivity cases, pulsed ESP cost exceeds the conventional one, but significant reduction in power consumption may always be obtained.
Finally, it should be noted that among the available techniques for back corona suppression, pulsed energization has the added advantage of causing a lower operating and maintenance impact with respect to other conditioning methods (i.e. sorbent injection) and can in many cases simplify the process equipment, for instance by eliminating the wet cooling tower in cement manufacturing.
